Abstract. Photoproduction of mesons plays a key role for the investigation of the excitation spectrum of the nucleon and thus for our understanding of the strong interaction in the non-perturbative regime. In this contribution we discuss recent results from the experiments at the tagged photon beams of the electron accelerators ELSA in Bonn and MAMI in Mainz. They include the measurement of cross sections and (double) polarization observables for single meson production and production of meson pairs off free protons as well as of quasi-free nucleons bound in light nuclei (in particular the deuteron).
Introduction
The excitation spectrum of a bound system of particles is expected to reflect the properties of the underlying interaction. Well-known examples are coming from atomic and nuclear physics. A similar approach for the relation between the excited states of nucleons and the fundamental properties of Quantum Chromodynamics (QCD) had so far much more limited success. Recent progress, however, is significant. Fully relativistic quark model approaches have been developed [2] , and the application of the Dyson-Schwinger approach to QCD has led to promising results [3, 4] . The advances in lattice gauge calculations allowed first predictions of the excitation spectrum [5] . Interestingly, they 'rediscovered' the SU(6)⊗O(3) excitation structure of the nucleon with a level counting consistent with the standard non-relativistic quark model.
Efforts on the experimental side aimed at a better data base for the excited nucleon states. A few years ago the listing of N ⋆ (isospin I=1/2) and ∆ ⋆ (I=3/2) resonances in the Review of Particle Physics (PDG) included only states that had been observed in inelastic pion scattering reactions. Only in the most recent update [6] states 'established' by photon induced reactions were included. Possible bias for states with weak coupling to Nπ are obvious. The experimental efforts during the last decade, which are still continuing, tried to remove such bias by a large-scale investigation of meson-photoproduction for different final states, including production of meson pairs. This program includes the measurement of single and double polarization observables.
The Bonn ELSA and Mainz MAMI experiments deliver linearly and circularly polarized photon beams and are equipped with polarized targets (longitudinally or transversely polarized protons or deuterons). They are complementary to other tagged photon facilities like for example CLAS at Jlab, which is optimized for the detection of charged particles. The experiments discussed here are also sensitive to final states with two or more neutral mesons even when they are produced off the neutron. a e-mail: Bernd.Krusche@unibas.ch The Journal's name
Experiments
The two experiments are similar, one of the main differences lies in the accelerator specifications. ELSA [7] can deliver electron beams with energies up to 3.5 GeV of relatively low intensities (order of ≈ 1 nA), while the cascaded race-track microtron [8] in Mainz (also used for electron scattering) reaches energies up to 1.5 GeV with intensities up to ≈ 100µA, far beyond what is needed (≈ few tens of nA) for tagged-photon beams. Tagged photon beams are produced by scattering the electrons in a radiator to produce bremsstrahlung, which is energy tagged by a momentum analysis of the scattered electrons in magnetic spectrometers. The tagging device at MAMI is described in detail in [9] . Both accelerators can deliver longitudinally polarized electron beams, which are used to produce circularly polarized photon beams. Linearly polarized photon beams are produced with coherent bremsstrahlung from a diamond lattice [10] . Polarized target nucleons are available from buthanol targets in frozen-spin mode [11] .
The reaction products are detected with almost 4π covering electromagnetic calorimeters, schematically shown in Figs. 1. Their large angle coverage and good detection properties for photons, neutrons, and charged particles is the basis of the versatile experimental programs. The largest part of the solid angle is covered by the more or less spherical calorimeter parts -the Crystal Barrel (CsI scintillators) [13] at ELSA and the Crystal Ball (NaI crystals) [12] at MAMI combined with forward scintillator walls of BaF 2 crystals from the TAPS detector [14] . The setups are complemented by detectors for charged particle identification and tracking mounted around the targets and in front of the crystals from the TAPS detector.
Experimental results

Photoproduction of π o -mesons
Historically, pion scattering or single pion production where the backbone for the study of nucleon resonances. In photoproduction the Nπ 0 channel is very interesting because it has much less smaller contributions from non-resonant backgrounds than reactions involving charged pions. Recent new data for several polarization observables for the γp → pπ 0 reaction had significant impact. The previously available data base had been analyzed with different reaction models and partial wave analyses like e.g. MAID, SAID, and the Bonn-Gatchina model (BnGn) [16] [17] [18] . However, already the results for the first double polarization observable (G) measured at ELSA [20] made a readjustment of the model fits necessary. The largest effects were found at quite low incident photon energies for the E 0+ and E 2− partial waves involving excitation e.g. of the S 11 (1535) and D 13 (1520) Figure 2 . Split of the total cross section (center) of γp → pπ 0 into the helicity-1/2 (left hand side) and helicity-3/2 (right hand side) components [15] (ELSA). Theory curves from MAID [17] , SAID [16] , and BnGn [18] .
Here, we discuss another polarization degree of freedom, namely the helicity decomposition of the total cross section. This is measured with a circularly polarized photon beam on a longitudinally polarized target. Parallel alignment of photon and nucleon spin corresponds to a spin projection on the beam axis of 3/2 (only possible for nucleon resonances with J ≥ 3/2), while with antiparallel alignment also J = 1/2 states may be excited. The unpolarized cross section and the σ 1/2 and σ 3/2 components measured at ELSA [15] are compared in Fig. 2 to model predictions. The models agree with the previously known unpolarized cross section, but the spilt into helicity components is quite different. It is obvious, that further measurements of polarization observables are necessary for a convergence of the different analyses approaches. As an example for the already achieved quality of such data we show in Fig. 3 some preliminary data measured at ELSA for different polarization observables. Figure 3 . Examples for the polarization observables T (target asymmetry, transversely polarized target), P (recoil polarization) and H both measured as double polarization observables with transversely polarized target and linearly polarized beam) (ELSA). Black dots: present results, grey triangles: previous results for T and P [21] , curves: MAID (dashed) [17] , SAID (dotted) [16] , and BnGn (solid) [18] A complete determination of the amplitudes involved in photoproduction of a pseudo-scalar meson requires also the measurement of observables involving the polarization state of the recoil nucleon. Here, recently progress has been made at the MAMI facility using a novel large-acceptance recoil nucleon polarimeter based on the scattering process off Carbon nuclei. As a first test the observable C ⋆ x involving circularly polarized photons and the measurement of the recoil proton polarization has been measured for the γp → pπ 0 reaction [22] .
The Journal's name Much less data is so far available for the photoproduction of pions off neutrons. The isospin decomposition of the cross section is so far entirely based on the measurement of the γn → pπ − reaction off quasi-free neutrons [23, 24] . However, in this reaction channel contributions from nonresonant background terms are much stronger than for γn → nπ 0 . Preliminary results for a first measurement of the latter reaction in quasi-free kinematics using a deuteron target are available from MAMI. The final state invariant mass W has been deduced from the completely determined reaction kinematics as discussed in [25] , so that effects from nuclear Fermi motion were eliminated. Total cross sections are compared in Fig. 4 to model predictions. The left hand side of the figure shows the quasi-free proton and neutron cross sections, which are quite different Also shown at the left hand side are the results for the MAID [17] , SAID [16] , and BnGn [18] analyses for the free proton. The three curves agree among each other (because all have been fitted to the same free-proton data) but not with the quasi-free proton data. This is evidence for final state interaction (FSI) effects, which previously were already discussed for the γd → Xπ 0 reaction in the ∆ resonance range [26] . Model estimates for FSI at higher incident photon energies are not yet available for this channel. However, as a first approximation one can assume, that the effects are similar for bound protons and bound neutrons and correct the neutron data with W-and angle-dependent factors derived from the comparison of free and quasi-free proton data. The result is compared to the model predictions at the right hand side of Fig. 4 . The model results do not agree among each other and none of them is in close agreement with the data, indicating that the analysis of the pπ − final state is not sufficient to fix the isospin decomposition of the reaction.
The measurement of single and double polarization observables for π 0 production off quasi-free nucleons has also been initiated. Very preliminary results for the target asymmetry T and the double polarization observable F (circularly polarized beam, transversely polarized target) measured at MAMI are shown in Fig. 5 . In this case, agreement between free and quasi-free data is better, FSI effects on this polarization observables seem to be smaller than for absolute cross sections. 
Photoproduction of isoscalar mesons -η and η
′
Photoproduction of the 'heavy', isoscalar mesons η and η ′ is interesting because it is selective for N ⋆ resonances. Experimental progress has been substantial over the last few years. Total cross sections and angular distributions for γp → pη and γp → pη ′ have been studied at ELSA [27] [28] [29] and at MAMI [30] . Also for these reactions the isospin degree of freedom has moved into the focus. In contrast to pion production for both mesons it has been found [31] [32] [33] that for quasi-free production from nucleons bound in the deuteron FSI effects are negligible. The γn → nη reaction has attracted interest because an unexpected narrow structure has been observed in the excitation function [31, 35, 36] . Recent measurements at MAMI [33, 34] have confirmed this structure with much improved statistical significance not only for neutrons bound in the deuteron but also for the 3 is not yet understood. The recent measurements have produced precise differential cross sections, which show a non-trivial angular dependence of the structure [33, 34] . Currently, first measurements of the helicity dependence of the cross section and the polarization observables T and F are under analysis (MAMI).
Photoproduction of pseudoscalar meson pairs
Photoproduction of meson pairs gives access to excited nucleon states which have no significant decay branching ratios directly to the nucleon ground state but decay via intermediate excited states. The best studied double-meson final state are pion pairs. In the past, total cross sections, invariant mass distributions, and partly also the helicity dependence of the cross section have been measured at ELSA and MAMI for several final states (see e.g. [26, 44] and Ref. therein). However, the complicated amplitude structure of this reaction requires the investigation of further polarization observables. Such a program is currently active at ELSA and MAMI. First results are available for the beam-helicity asymmetry I ⊙ (Φ) = (dσ
, where dσ ± are the cross sections for the two polarization states of a circularly polarized beam on an unpolarized target and Φ is the angle between two planes defined by the incident photon and the three final state hadrons (e.g. between the reaction plane defined by photon and recoil nucleon and the production plane defined by the two pions). Results for π 0 π 0 and π + π 0 pairs produced off free protons and the corresponding reactions off quasi-free protons and neutrons bound in the deuteron have been recently published [45, 46] . In all cases excellent agreement was found between the results for free and quasi-free protons, indicating that also this observable is basically unaffected by FSI. Agreement with model predictions [43] is not yet good (in particular not for the mixed-charge pairs); such data will certainly better constrain future analyses. Data for further polarization observables (e.g. T , F at MAMI, G at ELSA) are also under analysis. More recently also the ηπ final state attracted much interest. Total cross sections, invariant mass distributions, and also some polarization observables have been measured for γp → pπ 0 η [37] [38] [39] [40] [41] [42] . This decay channel is very selective. The η-meson is isoscalar, so that nucleon resonances can only emit it in N ⋆ → N (⋆) or ∆ ⋆ → ∆ (⋆) transitions. The results [38, 41] suggested for the threshold region a dominant contribution from the D 33 (1700)→ ηP 33 (1232)→ ηπN cascade. This leads to a simple prediction for the cross section ratios of the different charge states: σ(γp → ηπ 0 p) = σ(γn → ηπ 0 n) = 2σ(γp → ηπ + n) = 2σ(γn → ηπ − p), while for the photoexcitation of an N ⋆ resonance the factors 2 would be 1/2 and the cross section ratios for neutron and proton targets could be anything. Preliminary results from MAMI for all four isospin channels are summarized in Fig. 6 and clearly confirm the above relations. The absolute scale of the cross sections for the quasi-free proton bound in the deuteron are suppressed with respect to the free proton by roughly 25% -30%, so that significant FSI effects are observed.
Summary
The experimental programs at ELSA and MAMI aiming at the measurement of cross sections and polarization observables for several single and double meson production reactions off free and quasifree nucleons have very successfully taken data. First results are published and many more results are in preparation. Currently, the experiment at MAMI continues data taking, while the Crystal Barrel experiment at Bonn is in an upgrade phase and will restart data taking in 2015.
